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Abstract:



Carbon management in forests has become the most important agenda of the first half of the 21st century in China in the context of the mitigation of climate change impact. As the main producer of the inland river basin ecosystem in arid region of Northwest China, the desert riparian forest maintains the regional environment and also holds a great significance in regulating the regional/global carbon cycle. In this study, we estimated the total biomass, carbon storage, as well as monetary ecosystem service values of desert riparian Populus euphratica Oliv. in the lower reaches of the Tarim River based on terrestrial forest inventory data within an area of 100 ha (100 plots with sizes of 100 m × 100 m) and digitized tree data within 1000 ha (with 10 m × 10 m grid) using a statistical model of biomass estimation against tree height (TH) and diameter at breast height (DBH) data. Our results show that total estimated biomass and carbon storage of P. euphratica within the investigated area ranged from 3.00 to 4317.00 kg/ha and from 1.82 to 2158.73 kg/ha, respectively. There was a significant negative relationship (p < 0.001) between biomass productivity of these forests and distance to the river and groundwater level. Large proportions of biomass (64% of total biomass) are estimated within 200 m distance to the river where groundwater is relatively favorable for vegetation growth and biomass production. However, our data demonstrated that total biomass showed a sharp decreasing trend with increasing distance to the river; above 800 m distance, less biomass and carbon storage were estimated. The total monetary value of the ecosystem service “carbon storage” provided by P. euphratica was estimated to be $6.8 × 104 USD within the investigated area, while the average monetary value was approximately $70 USD per ha, suggesting that the riparian forest ecosystem in the Tarim River Basin should be considered a relevant regional carbon sink. The findings of this study help to establish a better understanding of the spatial distribution pattern of P. euphratica forest under water scarcity and can also provide an alternative approach to local decision-makers for efficient and precise assessment of forest carbon resources for emission reduction programs.
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1. Introduction


Terrestrial ecosystem biomass is a basic quantitative characteristic of an ecosystem and also a major ecological parameter in determining carbon sequestration and carbon sink function. Among the numerous types of ecosystems, forest ecosystems play a crucial role in the global carbon budget [1,2,3,4,5,6]. In Central Asia, desert riparian forest ecosystems along large river systems, such as the Amu Darya, Syr Darya, and Tarim River, store a large amount of carbon in the aboveground (leaves, branches, and stems) and belowground (roots) biomass and provide the main biomass resources for human wellbeing in those continental arid regions [7,8,9,10,11]. Due to the extremely arid climate conditions of these regions, the productivity of riparian forest ecosystems is highly dependent on groundwater and soil moisture availability supplied by inland river water flow [12]. Therefore, it is crucial to understand the relationship between hydrological regime, ecological development, and resource management in order to apply a forest management that is able to sustain the biomass budget and carbon storage of floodplain forests in those regions.



The Tarim River, located in the arid region of the Northwest China, is one of the largest inland rivers in the world along with the Volga, Syr Darya, Amu Darya, and the Ural [13]. It is mainly supplied by glacier and snow melt water and precipitations from the Tian Shan Mountains. Desert riparian forests distributed along the river are extremely important natural barriers supporting the ecological stability of the region. Populus euphratica Oliv. is the dominant tree species of Tugai vegetation (composed of trees, shrubs, and herbals) in the extremely dry areas of Central Asia and forms the main biomass reservoir and natural carbon sink in the Tarim River Basin [10,11]. More than 90% of existing floodplain forests along the Tarim River are P. euphratica riparian forests [14,15].



Carbon storage is one of the major ecosystem services provided by the Tugai forests in addition to the reduction of sand and dust storms, moderation of desertification, and regulation of oasis climate [16,17]. Reduction of CO2 in the atmosphere helps mitigate climate change through its various effects and, therefore, is an important contribution to peoples’ well-being [1]. Tarim riparian forests, in contrast to China’s other forests, are characterized by their patchy distribution, high carbon (C) density, and high anthropogenic disturbance and they function as an important carbon pool in China’s northwest arid region.



Over the past 50 years, however, due to climate change and the rapid socio-economic development in Xinjiang (especially increasing water demands for cotton production), many tributaries of the watershed were disconnected from the Tarim River [18,19]. The water discharge in the main stream of the Tarim River has dramatically decreased. More seriously, more than 320 km of river channel along the lower reaches of the Tarim River were completely desiccated since the construction of Daxihaizi reservoir in 1973. Consequently, the groundwater level dropped to 10–12 m below the surface and became salinized [20,21,22,23,24]. As a result of ecosystem deteriorations, substantial amounts of carbon stored in this riparian vegetation have been lost due to the reduction in the amount of live biomass.



In response to the aforementioned environmental damage, the Chinese government invested 10.7 × 108 RMB (approx. $1.8 billion USD) in the implementation of the ‘‘Integrated Water Resource Management of the Tarim River Basin’’ program to secure the ecological, economic, and social sustainability of the oases along the Tarim River [20]. The ecological water diversion project (EWDP) is one of the key sub-projects within this restoration program; it started in May 2000 and was implemented in the lower reaches of the Tarim River with multiple purposes ranging from regenerating degraded riparian forests to improving environmental conditions and maintaining the green corridor for economic development [20,25,26]. Accompanying the restoration project, the majority of the research mainly focused on the responses of the groundwater table and various eco-physiological and morphological parameters of riparian forests to the rehabilitation measures [20,21,26,27,28,29,30], but relative research about the quantification of the live biomass structure and carbon storage potential of P. euphratica desert riparian vegetation in the lower reaches of the Tarim River had not been reported. Understanding the biomass structure of P. euphratica forest and its spatial distribution under ongoing ecological restoration practices is needed for estimating the contributions of these forests to mitigate climate change impacts in the region. The main objectives of this study are to estimate the spatial variability of biomass productivity and capacity of carbon sequestration by desert riparian P. euphratica forest and to monetize its carbon storage ecosystem service. This study is expected to broaden our understandings on biomass carbon distribution patterns under the current restoration program in this region and to facilitate riparian restoration by increasing awareness of decision makers on the potentials of desert riparian forests to sequester carbon. Research findings would provide a scientific basis for evaluating the contribution of riparian ecosystem to climate change mitigation through sustainable management of water resources (allocation of substantial water for ecology) and riparian forests (facilitating rehabilitation of highly-degraded vegetation).




2. Materials and Methods


2.1. Study Area Description


The study area is situated at Arghan village (40°08′50′′ N, 88°21′28′′ E), between Taklimakan and Kuruk Tag desert, in the lower reaches of the Tarim River, Xinjiang Uyghur Autonomous Region, Northwest China (Figure 1). This area is located in an extremely arid climatic zone with an annual precipitation <15 mm (Figure 2) and potential annual evaporation of 2500–3000 mm [14,20,27,31]. Sparse vegetation is predominantly distributed on the river floodplain ecosystem. It comprises trees, shrubs, and herbs. P. euphratica is the dominant species. Nearly 70% of the existing species in our study area are of P. euphratica [32]. Shrubs include Tamarix ramosissima Ledeb., Tamarix hispida Willd., Tamarix elongata Ledeb., Lycium ruthenicum Murr., Halimodendron halodendron (Pall.) Voss., Halostachys caspica (M.B.) C.A. Mey., Poacynum hendersonii (Hook. F.) Woodson., Alhagi sparsifolia (B. Keller et Shap.) Shap., Glycyrrhiza inflata Bat., Karelinia caspica (Pall.) Less., Inula salsoloides (Turcz.) Ostrnf., and Hexinia polydichotoma (Ostent.) H.L. Yang [10,20,21]. Besides Tamarix, most shrubs and herbs are distributed within the range of 100 m from the river. In particular, due to the scarcity of precipitation, groundwater is the main source of water that is required to maintain the structure and functions of riparian ecosystem in this hyper-arid region. In addition, this ecosystem is highly vulnerable to climate change. The river flow in the lower reaches of the Tarim River is complex and is comprised of many intersections and meanders. The river bed divides into two branches at 4.2 km downstream from the Daxihaizi reservoir. The western branch is the old Tarim River and the eastern branch is the Qiwinkol River. The two branches are roughly parallel to one another and converge at Arghan, where vegetation coverage is relatively high and the anthropogenic impacts, such as grazing and fuel wood harvest on the sampling sites, are not intensive. Therefore, Arghan is an ideal location for the estimation of tree biomass and carbon storage and their spatial distribution under current ongoing water diversion practices. In addition, six groundwater gauges installed there by the Tarim River Basin Management Bureau enable long-term monitoring of groundwater level changes.


Figure 1. Locations of the lower reaches of the Tarim River and the Arghan transects.
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Figure 2. Climate diagram of the study area (based on data from Arghan for the period from 2013 to 2015).



[image: Forests 09 00196 g002]







2.2. Data Collection and Processing


The assessments of biomass and carbon storage presented in this study were performed by three steps (Figure 3). In a first step, biomass was estimated for a total number of 4773 P. euphratica tree stands within 100 ha monitoring plots (Figure 4). For the biomass estimation, we used allometric formulas suggested by Chen and Li [33]. These formulas link diameter at breast height (DBH), tree height, and biomass and have already been successfully applied to similar study regions at the middle/lower reaches of the Tarim River [10,34] and at the Amu Darya in Turkmenistan [10,11]. The parameters have been measured for the permanent monitoring plots within the growing season in 2010 and 2011. The DBH of each tree was measured with a DBH meter and tree height was determined with a laser distance meter.


Figure 3. The workflow of this study (CI indicates confidence interval, GIS techniques refers to some of geographical information system tools such as digitization used in this study).
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Figure 4. Data used for the biomass estimation of P. euphratica.
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Once the allometric parameters were obtained for each tree in the monitoring plots, we calculated the biomass for each single tree using the formulas of Chen and Li [33] given in Table 1. Then, we fitted a statistical distribution to the tree biomasses. Due to the right-skewed nature of the empirical distribution, we chose the Weibull distribution, a widely-used theoretical distribution for analyzing the environmental data (Equation (1)):


[image: ]



(1)




where λ is the scale factor and k the shape factor. For the fitting procedure, we used the maximum likelihood method, as suggested by Venables and Ripley [35]. This distribution was used to calculate the boundaries of the 95% confidence interval (CI), as well as the median of the biomass.


Table 1. Formulas of Chen and Li [33] for the relationship between the diameter at breast height (DBH) in centimeters, the tree height (H) in meters, and the biomass in kilograms.










	Biomass Fraction
	Formula
	Correlation Coefficient R





	Trunk biomass (BT)
	LogBT = log0.0382 + 0.8837 × logDBH2H
	0.99



	Branch and twig biomass (BB)
	LogBB = log0.1072 + 0.6350 × logDBH2H
	0.89



	Leaf biomass (BL)
	LogBL = log(1.41 × 10−3) + 0.8134 × logDBH2H
	0.71



	Root Biomass(BR)
	LogBR = log0.1059 + 0.6185 × logDBH2H
	0.94



	Total Biomass (B)
	B = BT + BB + BL + BR
	









Since the monitoring plots cover the most representative environmental situations for the study area, we assumed that the distribution could represent all possible tree biomass values occurring within the environmental setting. Thus, we used the 95% confidence intervals of the Weibull distribution to estimate the possible range of biomass for each P. euphratica tree in the study area. All euphratica poplars in the study area were digitized from a QuickBird satellite image with a resolution of 0.5 m. The trees could be clearly distinguished from other shrub-like species via the visible crown shadow by naked eye. Then, the minimum, maximum, and median of the biomass values obtained from the fitted Weibull distribution were assigned to the approximately 23000 points representing the poplars in the study area (Figure 4). Then, the point values for biomass were transferred into a 10 m × 10 m raster using the sum of all biomass values as cell value. In a subsequent step, the biomass values were transferred to carbon storage values by using a converting factor of 0.5, as suggested by the Intergovernmental Panel on Climate Change (IPCC) [1]. When the specific C content is unknown, different researchers have estimated C content as 50% of the absolutely dry mass of the stem, roots, and leafless branches [36]. For the calculation, we focused on the median of the biomass. This is, of course, a rough estimate only. Nevertheless, along with the 95% confidence interval, this approach gives a reliable range of biomass and associated carbon storage values of P. euphratica for the study area at the lower reaches of the Tarim River. However, further research is needed to reduce uncertainties.



To obtain the relationship with water availability, the main ecological driver of the study area, a buffer analysis was carried out for zones 100 m from the river. This reflects the assumption that the water supply is controlled by the river only, which is a rational assumption for a region with an annual precipitation of below 15 mm. For further analysis, the values of biomass and carbon storage of the raster dataset were extracted. Then, the sum of all cell values were calculated to obtain the biomass or carbon storage for a certain distance range from the river.



The final step was to valuate the carbon storage of P. euphratica as an ecosystem service. The approach chosen was to consider avoided economic damage assuming that the storage of carbon avoids the emission of CO2 and, therefore, reduces the effect of climate change with its negative social and economic consequences. The monetary value of these consequences is also known as the social costs of carbon. Several well-known studies have been conducted for estimating these costs, for example, the Stern Report [37]. Tol [38] combined the results from 232 published estimates for the value of social costs of carbon and reported a median value of 87 USD/t C [38]. The value determined by Tol [38] was also used for the social costs of carbon in this paper. This avoided damage approach has been widely used in multiple settings, such as in Integrated valuation of ecosystem services and tradeoffs (InVEST) model [39]. However, this approach is not without its criticisms [40,41] and other methods, like using prices from carbon markets, are also available [42], with most methods suffering some flaws in their valuation due to market’s inadequacy at capturing all the externalities and different accounting systems being used. Thus, the economic valuation presented in this study is one possible criterion to assess monetary values of carbon in order to provide references to policy-makers, even though it still has some drawbacks.





3. Results and Discussions


3.1. Spatial Distribution of Biomass, Carbon Storage, and Ecosystem Service Value


Estimation of biomass carbon storage of P. euphratica forest is complex due to both temporal and spatial variability, which result from the variation in individual growth patterns. These factors, along with water availability (groundwater and soil moisture), micro-topography, and salt placement, lead to a non-uniform/heterogeneity in biomass distribution in our study area. Currently accepted methods for biomass estimation of many other forest types assume a normal distribution. In this study, this assumption turned out not to be tenable. As such, in this study, Weibull distribution was fitted to a model of the distribution of P. euphratica biomass. The fitted Weibull distribution to the biomass of the monitoring plot is shown in Figure 5. This curve is clearly positively skewed, which indicates that trees with a low biomass have a much higher probability to occur than trees with a high biomass. From this, the 95% confidence intervals of 1.17 kg for the lower boundary and 544.62 kg for the upper boundary, as well as the median of 69.36 kg, were calculated.


Figure 5. Weibull distribution fitted to the biomass values of P. euphratica within the monitoring plot.
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These values (Table 2) have been assigned to the tree-points in Quantum GIS (QGIS) and summarized. Results show that the median value of biomass was 1,581,166 kg, which means 790,583.20 kg of stored carbon and a resulting ecosystem service of $68,780.74 USD. In addition to the absolute results, there was a clear spatial distribution pattern of biomass within the investigation area (Figure 6). Maximum values of biomass were found to concentrate close to the river channel or old river branches, while it values tended to decrease with increasing distance to the river. This phenomenon could be explained by the productivity and reproduction strategy of P. euphratica, which is heavily dependent on flooded areas and freshly-sedimented river banks [10,34,43]. Detailed analyses for this distribution were carried out by a buffer analysis with different distances to the river (Figure 7 and Figure 8). The highest values for biomass, carbon storage, and ecosystem service values occurred within 200 m of the river. Within this zone, 20,915 kg/ha of biomass were stored, which accounted for 64% of the total value in the investigation area. In the distance of 200 m to 800 m only slight differences occurred. Within this area, another 31% (6446 kg/ha) of the biomass was stored. Above a distance of 800 m the biomass decreased sharply and reached a level of zero greater than 2000 m from the river.


Figure 6. Spatial distribution of estimated potential biomass distribution for P. euphratica forests at Arghan in the lower reaches of the Tarim River.
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Figure 7. Biomass, carbon storage, and value of ecosystem service of P. euphratica forests at different distances from the river.
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Figure 8. Biomass distribution pattern of P. euphratica along a gradient of water stress. (a) Biomass estimation in different buffer zones from the river; and (b) the relationship between biomass and distance from the river.
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Table 2. Results from the estimation of biomass, carbon storage, and the value as an ecosystem service for the whole investigation area.











	
	Lower Boundary of CI
	Median
	Upper Boundary of CI





	Biomass
	26,737.29 kg
	1,581,166 kg
	12,416,286 kg



	Carbon Storage
	13,368.64 kg
	790,583.20 kg
	6,208,143 kg



	Value
	1163.072 $
	68,780.74 $
	540,108.4 $










3.2. Dependency of Tree Biomass Production and Carbon Storage on Water Availability


There are many environmental factors influencing biomass production of riparian forest, such as climate, water availability, topographical conditions, and age structures of riparian vegetation [44,45,46]. As we pointed out above, nearly 30 years of river desiccation in the lower reaches of the Tarim River resulted in the decline of groundwater and massive destruction and degradation of natural vegetation along both sides of the river channel, which led to a lasting decrease in the carbon storage of riparian vegetation, with an increased accumulation of dead wood. Due to extremely harsh environmental conditions, riparian forests in the lower reaches of the Tarim River mainly depend on the limited groundwater to sustain their life cycle. As shown in Figure 8a, estimated tree biomass presented different values within different buffer zones from the river. Furthermore, we used regression analysis to analyze the correlation between biomass and distance to the river (Figure 8b) and found that there was a negative correlation between the biomass of P. euphratica forest and distance from the river; the determination coefficient was greater than 0.9 and the correlation is significant (p < 0.001). Within 20 m distance from the river, total tree biomass was estimated to be about 4000–5000 kg/ha, while 3000–4000 kg/ha of tree biomass was distributed within the area 20 m to 100 m from the river. Above 100 m distance from the river, less biomass was estimated and the amount of biomass decreased dramatically with increasing distance from the river channel. To the direction of desert margin, almost no biomass was found. Groundwater in arid regions of Central Asia is one of the decisive factors for promoting carbon sequestration capacities of the floodplain forests [10,11,34]. Figure 9 shows that there were obvious differences between groundwater levels at different distances to the river. Generally, groundwater levels were closely related to the distance from the river. With increasing distance to the river channel, groundwater levels also presented a decreasing trend. Trees growing under favorable groundwater conditions have healthy and large crowns with dense foliage, which contributes to an increase of above-ground biomass.


Figure 9. Groundwater levels at different distances to the river (G refers to the name of the groundwater monitoring well; see also Figure 4).
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The zone far away from the river is characterized by a harsh environment due to highly limited water resources. Thus, normal growth of P. euphratica trees is prohibited, leading to less biomass production. At present, water diversion practices are the main environmental driver for eco-hydrological processes of the riparian ecosystem in the region. Seventeen water diversions in the lower reaches of the Tarim River have played a significant role in raising groundwater tables near to the main river course and in recovering floodplain forests to a certain degree [30,47,48]. On the other hand, these practices might be a major contributor for producing a higher biomass by means of improving water availability and leading to the sequestration of carbon. However, some studies also indicated that current water diversion practices are less effective for the large-scale establishment of new seedlings and juvenile trees [20,49]. It was observed that young forests have greater annual carbon sequestration rates while mature forests store more carbon [5]. Therefore, much effort should be carried out to create suitable habitat conditions for maintaining the current carbon storage and increasing the carbon sequestration capacities of riparian forests by changing their age.




3.3. Potential Effect of Water Diversion Project in Relation to Forest Carbon Storage


By the end of 2015, ecological water was diverted 17 times in irregular frequencies throughout 1714 days in 16 years with a total volume of 51.10 × 108 m3. As mentioned above, ecosystem services of desert riparian forests in the lower reaches of the Tarim River are highly controlled by water availability (particularly groundwater). Thus far, other important benefits of the water diversion project, such as increasing carbon sequestration potentials of desert riparian forests, have rarely been reported or mentioned. These benefits are mainly reflected in two aspects: (i) promoting the growth and recovery of the vegetation by satisfying its water requirement; and (ii) establishing more young seedlings and juveniles by increasing the overflow area of water delivery. Here, we mainly discuss the potential effects of water diversion projects on actual carbon storage and future carbon sequestration and how these particular ecosystem services could be improved by water management. Specifically, we examined how water availability (groundwater level and soil moisture) affects the distribution of biomass carbon storage of P. euphratica riparian forest.



The growth of desert riparian forest is dependent on the groundwater level, which is determined by the amount, duration, and magnitude of the current water diversion project in the region [32,34,50]. Furthermore, sufficient soil moisture, even though it has a limited effect on adult trees (e.g., Populuseuphratica.) and shrubs (e.g., Tamarix spp.), is also a key factor that must be considered, since it activates the soil seed bank, sustains herbs and shrubs with shallower root systems, and creates favorable habitat conditions for the establishment, survival, and growth of P. euphratica young seedlings. However, in our research area, high densities of P. euphratica seedlings mainly occurred in the vicinity of the zones that are highly affected by water diversions or around suitable micro-relief [20]. Hao and Li [50] found that changes in groundwater depth also led to corresponding changes of groundwater quality and soil moisture. Without a doubt, increased delivery of water in sufficient duration and magnitude into the downstream is highly desirable, since it is the only driver for rehabilitating degraded riparian ecosystems and producing more biomass. Hence, the amount and time of ecological water diversion need to be ensured according to the eco-hydrological requirements of riparian vegetation so that the capacity of carbon sequestration potentials in the desert riparian forest in the Tarim River Basin can be improved and maximized. However, water use conflicts between water demand and supply along the entire river basin and overexploitation of water in the upper and middle reaches of the river are still challenging [51].



In view of the above, increasing the carbon storage of P. euphratica forest through ecological water conveyance may be the most effective option to reduce the rise of atmospheric carbon dioxide concentration in the region. Numerous studies have quantified regulated ecosystem services of riparian forests along the lower reaches of the Tarim River by using an ecosystem service accounting method and the results of these studies highlighted the importance of water diversion effects on the carbon sequestration potentials of degraded riparian forests [16,52,53]. Currently, the impact of ecological water conveyance on the recharge of groundwater is very significant. In recent years, the suitable groundwater levels for the desert riparian forests have been achieved to some extent in the lower reaches of the Tarim River via the implementation of water diversions on 17 separate occasions [54]. From this point of view, our study implies that large-scale ecological restoration programs, such as rehabilitation and restoration of riparian forests by water diversion, could help to enhance regional/global carbon sinks, which may shed new light on the carbon sequestration benefits of such programs in the arid regions of Northwest China and also in other regions.



In the present study, we mainly focused on the quantification of P. euphratica forest biomass carbon, since it is a predominantly distributed species along the Tarim River. However, there are knowledge gaps regarding properties, processes, and practices affecting carbon sequestration in soil, deadwoods, and other vegetation (e.g., shrubs and herbs) that must be filled in order to develop a comprehensive sustainable forest management program along the lower reaches of the Tarim River.




3.4. Implications of the Results for Climate Change Mitigation


According to an IPCC report, various afforestation and reforestation efforts could reduce global atmospheric CO2 by 25% by 2020 [55]. Reducing Emissions from Deforestation and Forest Degradation (REDD) and the Clean Development Mechanism (CDM) have been used in developing countries to promote low carbon paths to sustainable development [56]. China has developed its own pilot emission trading system (ETS) where Chinese Certified Emission reduction projects to trade carbon credits in the eastern provinces [57]. Although Xinjiang has not officially participated in the pilot project yet, a soon to be implemented nation-wide policy would provide the region more opportunities to trade its carbon credits with more developed regions on the coast. Water diversion-induced carbon accumulation would be an attractive alternative for emission trading, and achieving restoration of the degraded ecosystem would provide a multitude of ecosystem services.





4. Conclusions


In the present study, we estimated the total biomass, carbon storage, as well as the monetary ecosystem service value of the desert riparian P. euphratica in the lower reaches of the Tarim River and found that they were closely associated with water availability. Average total carbon stored by trees within 200 m distance to the river accounted for 64% of total estimated carbon, indicating that this area is, or might be, the main pool for carbon storage by riparian forests. This study demonstrated a first estimation of the carbon storage of P. euphratica in the lower reaches of the Tarim River. However, a static view on dynamic ecosystems presents only limited information about the system behavior. To assess the carbon storage dynamics, a chronosequence approach using tree-ring analysis or the analysis of remote sensing time series might be useful. Our study is rather a final statement about the carbon dynamics of the riparian ecosystems at the lower Tarim River, but a first attempt to deliver information for highlighting the relevance of this issue. The results of this study would provide the basis to evaluate the effect of the water diversion by calculating the stored carbon, which, in turn, could be traded as carbon offsets in China’s emission trading system.
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